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Background: Bilirubin encephalopathy (BE) is a severe neurologic sequelae induced by hyperbilirubinemia in
newborns. However, the pathogenetic mechanisms underlying the clinical syndromes of BE remain ambiguous. Ex vivo 1H
nuclear magnetic resonance (NMR) spectroscopy was used to measure changes in the concentrations of cerebral
metabolites in various brain areas of newborn 9-day-old rats subjected to bilirubin to explore the related mechanisms of BE.
Results:When measured 0.5 hr after injection of bilirubin, levels of the amino acid neurotransmitters glutamate (Glu),
glutamine (Gln), and γ-aminobutyric acid (GABA) in hippocampus and occipital cortex significantly decreased, by contrast,
levels of aspartate (Asp) considerably increased. In the cerebellum, Glu and Gln levels significantly decreased, while GABA,
and Asp levels showed no significant differences. In BE 24 hr rats, all of the metabolic changes observed returned to normal
in the hippocampus and occipital cortex; however, levels of Glu, Gln, GABA, and glycine significantly increased in the
cerebellum.
Conclusions: These metabolic changes for the neurotransmitters are mostly likely the result of a shift in the
steady-state equilibrium of the Gln-Glu-GABA metabolic cycle between astrocytes and neurons, in a region-specific
manner. Changes in energy metabolism and the tricarboxylic acid cycle may also be involved in the pathogenesis of BE.
Keywords: Bilirubin encephalopathy, Nuclear magnetic resonance spectroscopy, Metabonomics, Gln-Glu-GABA cycleIntroduction
Neonatal hyperbilirubinemia, which is caused by imma-
turity of hepatic conjugation and clearance processes for
unconjugated bilirubin (UCB) [1], is a common and im-
portant pathological condition that occurs in approxi-
mately 60% of all term newborns and 80% of all pre-term
infants [2]. The outcome for the majority of babies is
benign, but untreated neonates or newborns with very
high UCB levels can develop yellow staining and the
neurological dysfunction characterizing bilirubin enceph-
alopathy (BE). A substantial number of research studies* Correspondence: bghu79@126.com; gaohc27@wmu.edu.cn
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unless otherwise stated.have recently demonstrated that survivors of BE always
exhibit a sequence of severe neurological sequelae, includ-
ing choreoathetosis, gaze paresis, hearing loss, and, more
rarely, developmental delays [3]. All of these pathological
conditions present an important threat to infant health
and place significant burdens on neonates.
The mechanisms underlying BE neurotoxicity are un-
clear but generally accepted to be related to the deposition
of UCB in the central nervous system (CNS) [4]. UCB,
which is produced from the degradation of heme, serves
as an antioxidant and cytoprotective agent at physiological
levels; however, mildly elevated concentrations may inhibit
neuronal functions and affect viability [5]. Relevant studies
on UCB have attempted to determine its neurotoxicity
based on the incubation of neural cells, such as astrocytesThis is an Open Access article distributed under the terms of the Creative
ommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
iginal work is properly credited. The Creative Commons Public Domain
g/publicdomain/zero/1.0/) applies to the data made available in this article,
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UCB [6-8]. UCB neurotoxicity may be associated with the
accumulation of reactive oxygen species, breakdown of
glutathione redox status, dysfunction of the mitochondria,
and even cell death [7,8]. Researchers have also indicated
that UCB induces enhanced oxidative stress, alterations in
neurogenesis, neuritogenesis, synaptogenesis, and disrup-
tion of neuronal network dynamics [9]. However, which of
these mechanisms is most important in the causation of
the clinical syndromes of BE has yet to be investigated.
Over the last decade, the rapidly growing research field
of metabolic changes in neurotransmitters has intro-
duced new insights into the pathology of neurodegenera-
tive disorders as well as methods to predict disease
onset. For example, Sanacora studied the concentrations
of γ-aminobutyric acid (GABA) and glutamate (Glu) in
major depression patients using magnetic resonance
spectroscopy and found that decreased levels of occipital
cortex GABA and increased levels of Glu may serve as a
biological marker for a subtype of major depressive
disorder [10]. Kahn observed altered Glu, aspartate (Asp),
glycine (Gly), and GABA concentrations in the striatum of
ischemia rats by high performance liquid chromatography
and suggested that neurotransmitter release following
cerebral ischemia may serve as a potential mechanism
of ischemia [11]. Campos found cerebral metabolic dis-
orders in a rat model of stroke [12], as well as high
levels of Glu in brain stroke patients [13]. Therefore,
studying metabolic changes in cerebral metabolites at
the molecular level could lead to elucidation of a pos-
sible link between novel mechanisms of BE and thera-
peutic interventions for the disease.
1H NMR has been used previously to investigate, in vivo
and ex vivo, cerebral metabolic changes in the central ner-
vous system of both patients and animals. Ex vivo 1H NMRFigure 1 Representative Mayer’s hematoxylin- and eosin-stained sect
from control (A, C, E) and BE 4 hr rats (B, D, F).is usually performed at higher field strength, which gives
higher detection sensitivity, improved dispersion of metab-
olite peaks, and better regional specificity. Using this ap-
proach, we have recently studied the cerebral metabolites
in Parkinson’s disease rats and shown that the metabolic
characteristics in the left and right striatum are region-
specific [14]. In the present study, changes in the con-
centrations of cerebral metabolites in the hippocam-
pus, occipital lobe, and cerebellum of newborn 9-day-old
rats subjected to bilirubin were measured using ex vivo 1H
NMR. Significant changes in the levels of neurochemicals
were found; these changes may provide novel clues for
elucidating the mechanisms underlying BE.
Results
Serum and brain bilirubin concentrations and
histopathology
Compared with the control group, the serum levels of
bilirubin in the BE group were markedly elevated 0.5 hr
after injection (531.54 ± 27.58 μmol/L vs 5.39 ± 1.54 μmol/L,
p < 0.001). With the passage of time, bilirubin concen-
trations gradually decreased and reached to 11.26 ±
3.15 μmol/L in BE 24 hr rats. By contrast, no signifi-
cant differences were observed among the control groups
at different time points. Bilirubin was not detected in the
brain of control rats, but bilirubin levels in BE 0.5, 4, and
24 hr rats were 4.68 ± 0.35, 8.61 ± 0.53, and 6.89 ±
1.25 nmol/g brain tissue weight, respectively.
Microscopic examination showed that representative
Mayer’s hematoxylin-eosin- stained sections of the three
brain regions from control and BE 4 hr rats (Figure 1). Re-
gardless of the brain tissues tested, cells of controls main-
tained a normal morphology and were arranged in neat
rows without any inflammatory reaction (Figure 1A, C, E).
By contrast, BE rats showed significant histologicalions (400 fold) of hippocampus, occipital cortex and cerebellum
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nized swollen neurons, and changes in vacuolation in
all three brain regions, particularly the hippocampus
(Figure 1B). These histopathological results confirm
the formation of apparent lesions and functional changes
in the brain tissues of BE 4 hr rats, also the damage in the
hippocampus last for long periods of time.
NMR spectra and multivariate statistical analysis
Representative 1H NMR spectra of the hippocampal ex-
tracts obtained from one control rat at 0.5 hr (A) and three
BE rats at 0.5 hr (B), 4 hr (C), and 24 hr (D) are shown in
Figure 2. Assignments presented in Figure 2A are based on
our published work [15] and verified by 2D 1H–1H COSY
and TOCSY spectra (data not shown). 1H NMR spectra of
brain tissue extracts allow the simultaneous measurement
of numbers of endogenous metabolites, such as lactate
(Lac), alanine (Ala), N-acetyl aspartate (NAA), GABA, Glu,
succinate (Suc), Gln, Asp, creatine (Cr), choline (Cho),
taurine (Tau), Gly, and myo-inositol (mI).
Partial least squares-discriminant analysis was per-
formed based on the hippocampal, occipital cortex, and
cerebellar 1H NMR spectra of the BE 0.5, 4, and 24 hr
rats as well as corresponding controls (Figure 3). As
shown in the hippocampus (Figure 3A), BE groups are
gradually away from the control group over time, espe-
cially BE 24 hr rats, which displayed clear discrimination
along the direction of the first principal component. The
corresponding loading plot (Figure 3B) for the first two
principal components showed that Lac, Glu, Gln, mI,
NAA, and Tau are among the major contributors to the
separation. In the occipital cortex (Figure 3C), BE 0.5, 4,
and 24 hr rats and corresponding controls separatedFigure 2 Representative 1H NMR spectra of the hippocampus extract
0.5 hr (B), 4 hr (C) and 24 hr (D).from each other, and BE groups were scattered around
the control group. For the cerebellum (Figure 3D), the
BE 4 hr group displayed a distinct separation from the
control group, and data on BE 24 hr rats were clustered
closer to the controls.
Metabolite concentrations in various brain regions
The concentrations of metabolites measured in the hippo-
campus, occipital cortex, and cerebellum of the control
rats at 0.5 hr are listed in Table 1. Changes in metabolite
concentrations at different time points relative to the
control group (100%) are shown in Figure 4. In the
hippocampus (Figure 4A and B), almost all of the amino
acid neurotransmitters were significantly lower in BE
0.5 hr rats than in other groups (92.3 ± 2.15% for Glu,
p < 0.05; 92 ± 2.5% for GABA, p < 0.05; and 84.3 ± 2.7%
for Gln, p < 0.01), except for Asp, which showed mark-
edly higher levels (111.7 ± 3.4%, p < 0.05). Changes in
amino acid neurotransmitters were reversed in BE 4 hr
rats, and all metabolic changes returned to the normal
in BE 24 hr rats. In the occipital cortex (Figure 4C and D),
nearly all of the amino acid neurotransmitters were
reduced in BE 0.5 hr rats, similar to observations in the
hippocampus. By contrast, concentration changes were
not statistically significant in BE 4 and 24 hr rats,
except for Gln, the levels of which remained low after
4 hrs. Differing from metabolic changes in the hippocam-
pus and occipital cortex, Glu and Gln levels significantly
decreased in the cerebellum (Figure 4E and F), whereas
levels of GABA, Gly, and Asp showed no statistically
significant differences in BE 0.5 hr rats. Metabolite con-
centrations then progressively increased. Gly concentra-
tions reached statistical significance at 4 hrs, and almosts obtained from one control rat at 0.5-h (A) and three BE rats at
Table 1 Concentrations of cerebral metabolites (mmol/kg
wet tissue weight) in the hippocampus, occipital cortex
and cerebellum of control 0.5 hr rats measured by






Lac δ1.31-1.34 7.73 ± 0.95 9.70 ± 2.18 5.37 ± 0.74
Suc δ2.39-2.41 5.53 ± 0.51 7.73 ± 0.79 5.50 ± 0.24
Ala δ1.46-1.49 1.39 ± 0.16 1.91 ± 0.30 1.09 ± 0.12
Glu δ2.33-2.38 8.75 ± 0.71 11.89 ± 1.53 5.76 ± 0.42
GABA δ2.27-2.31 3.30 ± 0.23 3.97 ± 0.55 1.96 ± 0.17
Gly δ3.54-3.56 1.13 ± 0.09 1.54 ± 0.13 0.80 ± 0.14
Asp δ2.80-2.82 1.95 ± 0.20 3.08 ± 0.21 1.30 ± 0.15
Gln δ2.45-2.50 1.01 ± 0.08 1.37 ± 0.10 0.72 ± 0.13
NAA δ2.01-2.02 3.24 ± 0.23 4.65 ± 0.53 2.05 ± 0.15
mI δ3.60-3.64 4.65 ± 0.26 6.82 ± 0.84 5.17 ± 0.26
Tau δ3.40-3.44 14.29 ± 1.11 21.84 ± 2.27 8.55 ± 0.49
Figure 3 PLS-DA scores plots of PC1 and PC2 in the hippocampus (A), occipital cortex (C), and cerebellum (D) of BE rats at 0.5 hr
(diamond), 4 hr (triangle), 24 hr (circle) and controls (Black square), and the corresponding loading plot of hippocampus (B).
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24 hrs.
The energy-related metabolites, Lac and Ala, mani-
fested similar changes at different time points in the
studied brain regions (Figure 4). In BE 0.5 hr rats, Lac
and alanine levels markedly decreased; at 4 and 24 hrs,
however, Lac increased whereas alanine showed no sig-
nificant changes. Levels of succinate (Suc), an important
tricarboxylic acid (TCA) cycle intermediate, decreased in
the occipital cortex and cerebellum of BE 0.5 hr rats and
subsequently returned to normal in the occipital cortex
at 4 and 24 hrs. In the cerebellum, Suc levels remained
low in BE 4 hr rats and eventually returned to normal at
24 hrs. Interestingly, no significant changes were ob-
served in the hippocampus. NAA, which is commonly
believed to be a neuronal marker, decreased by varying
degrees in the studied brain regions of BE 0.5 and 4 hr
rats; no significant changes were observed in BE 24 hr
rats. mI, which is believed to be a marker of astrocytic
activity, markedly decreased in BE 0.5 hr rats and signifi-
cantly increased in BE 24 hr rats in all three brain
Figure 4 Changes in the percentage metabolite concentrations (% of controls) in the hippocampus (A, B), occipital cortex (C, D), and
cerebellum (E, F) at 0.5 hr (blank), 4 hr (slashes) and 24 hr (gray). Significant differences were assigned as follows: single asterisk p < 0.05;
double asterisks p < 0.01.
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at 4 hrs. Another astrocytic activity marker, Tau, signifi-
cantly decreased in the three studied brain regions of BE
4 hr rats and eventually returned to normal levels at
24 hrs.Discussion
NMR is a powerful approach for studying brain energy
metabolism, neurotransmission, and glial–neuronal in-
teractions [16,17], and it has been previously used to in-
vestigate the changes in brain metabolism of various
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in the concentrations of cerebral metabolites in the hippo-
campus, occipital cortex, and cerebellum of rats subjected
to BE 0.5, 4, and 24 hrs by ex vivo 1H NMR spectroscopy
were comprehensively reported. Obvious metabolic per-
turbations of neurochemicals were observed, including
some important excitatory and inhibitory neurotransmit-
ters and energetic products, as well as a marker of neu-
rons and astrocytic activity in various cerebral regions of
BE rats. Bilirubin-induced changes in metabolite concen-
trations exhibited notable features at 0.5, 4, and 24 hrs,
respectively. Furthermore, the disorders of neurochem-
ical metabolism varied in the hippocampus, occipital
cortex, and cerebellum of BE rats, suggesting specific
impairment.
Changes in amino acid neurotransmitter concentrations
Gln, Glu, and Asp are primary excitatory neurotransmit-
ters whereas GABA and Gly are the main inhibitory
neurotransmitters in the CNS [19]. Concentration changes
in these amino acid neurotransmitters can reflect alter-
ations in the balance between excitatory and inhibitory
processes in the brain. In BE 4 hr rats, levels of Gly and
GABA significantly increased in the hippocampus, and
levels of Gln significantly decreased in the occipital cortex
and cerebellum; no statistically significant changes in Glu
levels were observed in any of the brain regions studied.
The results obtained were consistent with previously re-
ported findings, wherein rat cortical astrocytes showed
high levels of Glu release after 4 hrs of incubation with
UCB [20,21]. We hypothesize that this phenomenon could
serve as a defensive strategy to protect neurons from exci-
totoxic injury or as an indicator of astrocyte damage,
which directly affects the transformation of Glu into Gln.
We believe that long-term abnormalities in glutamatergic
and GABAergic activities and the associated adaptive me-
tabolism can induce disorders in the steady-state equilib-
rium of the Gln-Glu cycle shuttling between astrocytes
and neurons [22,23], which plays an essential role in neu-
rodegenerative disorders.
Energy metabolism and changes in other metabolic
equilibria
Lac can be used as an energetic substrate by glycolytic
processes [24] when neural energy demands transiently
exceed the rate of oxidative metabolism. Bilirubin has
been reported to inhibit glycolysis [25], mitochondrial
respiration [26], and oxidative phosphorylation [27,28],
as well as the activity of enzymes of the TCA cycle [29].
Thus, significant increases in Lac levels, which are com-
monly believed to serve as a marker of mitochondrial
dysfunction in the hippocampus, occipital lobe, and
cerebellum of BE 4 hr rats in the present study, are most
likely caused by brain switching to consume glycolysisproducts and maintain energy homeostasis. The above
hypothesis was further confirmed by a widespread de-
crease in levels of Suc, which is an important intermediate
product of TCA cycle, thereby indicating the inhibition of
TCA cycle. Metabolic changes in Lac and Suc suggest that
altered energy metabolism with changes in the TCA cycle
is involved in the pathological mechanism of BE.
Significantly reduced concentrations of Tau, a marker
for astrocytic activity that has important functions in
regulating intracellular osmolarity of the astrocytes [30],
were found in the hippocampus, occipital lobe, and cere-
bellum of BE 4 hr rats. The above results are consistent
with the fact that Tau production is one of the defense
mechanisms against excitotoxic conditions in the brain,
considering that Tau is both an osmoregulator and a
neuromodulator [31]. Significant reductions in the levels
of NAA, which is commonly considered a metabolic
marker reflecting the functional status of neurons and
axons in the brain [32,33], were observed in the hippo-
campus and occipital lobe of BE 4 hr rats. These observa-
tions parallel in vivo 1H MRS findings, which demonstrate
significant decreases in NAA/Cho and NAA/Cr ratios in
neonates with BE [34]. Considering that the Cr peak is
relatively stable, it is often used as an internal reference
for the calculation of other neurometabolic changes. Re-
ductions in NAA indicated neuronal and axonal loss or
dysfunction, as well as abnormal increases in gliosis in the
basal ganglia. Interestingly, increased mI concentrations,
which suggest glial hypertrophy or proliferation, were also
found in all three brain regions of BE 24 hr rats.
Notable features of metabolism at BE 0.5, 4, and 24-hr rats
The decline in metabolite concentrations recorded in BE
0.5 hr rats is correlated with the results of a previous
study, which indicated that severe bilirubin intoxication
could induce a widespread decrease in metabolites [35].
Indeed, when large amounts of bilirubin accumulate
within the CNS, local cerebral metabolic rates for glu-
cose show widespread decreases studied by quantitative
autoradiographic [14C]2-deoxyglucose method [36]. Meta-
bolic perturbations in the neurochemicals of BE 4 hr rats
in all three brain regions studied may be a manifestation
of brain injury; these findings are linked to reports that
UCB induces serious oxidative and nitrosative stress at
4 hr, engenders synaptotoxicity, and elicits cytoskeleton
changes [9,37]. Brain damage could be further proven by
histopathology results in BE 4 hr rats. The majority of the
metabolite concentrations tended to normalize in BE
24 hr rats, except for Lac and mI in the three brain re-
gions studied, Ala in the hippocampus, and the neuro-
transmitters in the cerebellum. The results obtained are
consistent with those reported in previous studies, which
show that the adverse effects of bilirubin on the brain and
neurons may be reversible [38-40]. Further studies must
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ity of neurons is only temporary.
Selective vulnerability of rat brain regions to BE
The brain is largely under development during the first
weeks of postnatal life, and enhanced plasticity and mye-
lination create selective brain regional vulnerability [8].
Different levels of antioxidant proteins in brain regions
may account for differences in vulnerability [41]. The pyr-
amidal cell layer of the hippocampus is noted to be par-
ticularly vulnerable to hypoxic-ischemic injury [42].
To investigate whether or not different brain regions
show distinct susceptibilities to BE, we studied hippo-
campal, occipital cortex, and cerebellar tissues isolated
from newborn rats. Interestingly, metabolite changes in
the three tissues provided us with a potential explan-
ation for the regioselectivity of BE injury. Figure 4 shows
that metabolic patterns in the hippocampus, occipital
cortex, and cerebellum were inconsistent over time, since
the hippocampus suffered more severe metabolic disorders
than the other regions, as confirmed by hematoxylin + eosin
staining. We therefore hypothesize that the hippocampus is
a vulnerable brain region and that BE-induced neurotoxicity
may have adverse outcomes on future learning, memory,
and cognitive functions. The metabolism disorders in the
cerebellum appeared to be longer, which presents new per-
spectives for potential therapeutic approaches.
In conclusion, the present study was designed to de-
tect systematic alterations in multiple brain metabolites
and explore the related mechanisms of BE. Region-specific
changes were observed in the concentrations and metabol-
ism of the neurochemicals Lac, NAA, Glu, Gln, GABA, as
well as other cerebral metabolites in the newborn rat
hippocampus, occipital cortex, and cerebellum. The results
suggest that BE leads to multiple neurochemical changes
in different brain regions that may involve the activity and
transition of neurotransmitters and brain energy metabol-
ism, as well as other changes in metabolic equilibrium. The
results obtained shed light on the mechanisms underlying
BE neurotoxicity and provide an important reference by
which to better understand BE in the clinical setting. The
observed metabolic changes are closely related to the
pathological mechanisms of damage in different brain re-
gions and could be part of the adaptive measures employed
by the CNS in response to BE.
Materials and methods
Animals
Newborn Sprague–Dawley rats weighing 19–21 g (9 days
age), whose mother were purchased from the SLAC La-
boratory Animal Co. Ltd. Shanghai, China (14-16 days
of pregnancy, 280 ± 15 g) and were kept in a specific
pathogen free (SPF) colony of the Laboratory Animal
Center of Wenzhou Medical University (Wenzhou, China)with regulated temperature and humidity and a 12:12-h
light–dark cycle with lights on at 8:00 a.m. During the
whole experimental process, rats were fed with standard
rat chow and tap water and all of the newborn animals
were cared by their own mother rats. All animal treatments
were strictly in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals.
Jugular vein injection of bilirubin
Bilirubin was dissolved at a concentration of 3 mg/mL
in 0.1% PBS, containing 0.2% BSA to avoid autoxidation
and 0.1% NaOH to sustain the pH to 8.0-8.4. All the
processes of preparation were required to be kept away
from the light and to be controlled in a few minutes.
The rats were divided into control groups and BE 0.5-,
4-, 24-hr groups, respectively (n = 5-8 for each group).
The procedures on the BE model rats were carried out
according to the operating procedure described previ-
ously [36]. In brief, under 10% chloral hydrate induced
anesthesia (3 mL kg-1), the left jugular vein was isolated
and injected of bilirubin at a does of 17 μL/g in 5 min
by intubation. The control rats underwent an identical
surgical intervention but injected with the equal dose
saline.
Preparation of brain extracts
The rats were sacrificed by decapitation, and specimens
of bilateral hippocampus, occipital cortex and whole
cerebellum were dissected immediately, snap-frozen in
liquid nitrogen and stored at −80°C until use. The prep-
aration of the brain extracts was based on the previous
reference [15]. The frozen tissue was weighed and ground
using an electric homogenizer with ice-cold methanol
(4 mL/g) and distilled water (0.85 mL/g) at 4°C and the
mixture was vortexed. Chloroform (2 mL/g) and distilled
water (2 mL/g) was added and mixed again. After keeping
on ice for 15 min, the homogenate was centrifuged at
1,000 g for 15 min at 4°C. The supernatant was extracted
and lyophilized for about 24 h. The metabolite mixture
obtained was then weighed and dissolved in 0.6 mL of
99.5% D2O for NMR spectroscopy.
Determination of serum and brain bilirubin concentration
and histopathology
1.5 mL blood samples were obtained and the serum
samples were separated after centrifugation at 3000 g for
15 min at 4°C. Serum bilirubin concentrations were mea-
sured by vanadate oxidation method using automatic bio-
chemical analyzer (Mindray S-300), which utilizes the
reaction of bilirubin with vanadic acid resulting in a de-
cline of absorbance measured at 450 nm, proportionate to
the bilirubin present in the sample. After weighing, brain
tissues with glacial acetic acid (9.0 mL/g) were homoge-
nized at 4°C, acetone (10 mL/g) was added and mixed
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the level of brain bilirubin concentration by an automatic
biochemical analyzer. Values were expressed as the
mean ± SD. Some rats in each group were sacrificed by
decapitation and the brains were fixed in 4% paraformal-
dehyde for observing histopathological changes. Patho-
logical sections were performed by dyeing with Mayer’s
hematoxylin and eosin for light microscopic observation.1H NMR experiments
All 1H NMR experiments were carried out on a Bruker
AVANCE III 600 MHz NMR spectrometer, with a spec-
tral width of 12,000 Hz. The acquisition time was 2.65 s
per scan, and an additional 10-s relaxation delay was
used to ensure full relaxation. The number of scans was
256. The spectra were zero-filled to 64 K, and an expo-
nential line-broadening function of 0.3 Hz was applied
to the free induction decay prior to Fourier transform-
ation. All spectra were corrected manually for phase and
baseline and referenced to the chemical shift of the methyl
peak of lactate (CH3, 1.33 ppm) using Topspin (v2.1 pl4,
Bruker Biospin, Germany).Data processing of NMR spectra and multivariate pattern
recognition
In order to exploit all the metabolic information embed-
ded in the spectra, all NMR spectra (−0.2 to 8.8 ppm)
were then divided into integral regions with equal width
of 0.01 and 0.0015 ppm (2.4 Hz) using the AMIX pack-
age. Each segment consisted of the integral of the associated
NMR region except δ5.85–4.60 (containing the residual
peak from the suppressed water resonance), which was set
to the zero integral in the analysis. The remaining spectral
segments for each NMR spectrum were normalized to the
total sum of the spectral intensity to partially compensate
for differences in concentration of the many metabolites in
the samples. Subsequently, the normalized integral values
were entered into SIMCA-P + 12.0 software (Umetrics,
Umeå, Sweden) as variables and were mean-centered
for multivariate data analysis. The projection to latent
structure discriminant analysis (PLS-DA), which is a
supervised method, was carried out for class discrimin-
ation and biomarker identification [43]. Data were visual-
ized with a principal component (PC) scores plot of the
first two principal components (PC1 and PC2) to provide
the most efficient 2-D representation of the information
contained [44], where each point represents an individual
spectrum of a sample. The corresponding loading plot,
where differential metabolite peaks were shown as positive
and negative signals to indicate the relative changes of me-
tabolites, were used to identify which spectral variables
contributed to the separation of the samples on the scores
plot [8,44,45].Target metabolic changes in brain tissues and statistical
analysis
Using trimethylsilyl-propionic-2,2,3,3d4-acid (TSP) as the
internal reference, the metabolite concentrations were de-
termined from the spectra and normalized to the weight
of the freeze-dried metabolite mixture. The concentra-
tions of metabolites were shown in the unit of mmol/kg
wet tissue weight. The statistical significance of the differ-
ences observed between the averages of each group was
performed using the t test as implemented in the software
of SPSS for Windows (version 13.0, SPSS Inc, USA). A
calculated P value of <0.05 was considered to be statisti-
cally significant.
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